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I.ABSTRACT 
Soil application of solid residues from thermal conversion of biomass (i.e. combustion 
and pyrolysis) has become a topic of interest in recent years. However, there exists a gap in the 
literature with regard to soil application of gasification residues and their effects on soil health 
and soil macroorganisms. This study investigates the effects of three different ashes (hardwood 
oak/hickory, hardwood willow, corn stover), collected from industrial biomass gasification 
reactors (University of Minnesota Morris, Eastern Illinois University), as a soil amendment on the 
composting worm Eiseniafetida. Additionally, ash samples were analyzed for total polycyclic 
aromatic hydrocarbons (PAHs) and potentially toxic elements, such as heavy metals. E.fetida 
were exposed for 28 days at various application rates (0 t ha-1, 5 t ha-1, 10 t ha-1, 25 t ha-1, and 100 
t ha-1). After three exposure trials, it was determined that none of the three ash samples had an 
effect on survival of E.fetida except at concentrations in which soil pH reached 9.8 or higher, 
where 100% mortality was observed. All ash samples were found to have moderately to 
extremely high pH. Weight loss observed in all E.fetida samples was attributed to starvation and 
there were no relationships found between weight loss and any of the three ash samples or their 
application rates. PAHs were undetectable using GC-FID and GC-MS. Elemental analysis using 
ICP-MS determined that all potentially toxic elements were well below U.S. regulatory limits. In 
conclusion, these three ash samples were determined to be safe for use as soil amendments at 
application rates that maintain soil pH below a threshold of 9.7. 
Key Words: Biochar, Ash, Earthworms, Soil, PAH, Metals 
2 
TABLE OF CONTENTS 
l. Abstract 2 
List of Tables and 5 
2. Introduction 6 
2.1. and 6 
2.2. Thermal Conversion 6 
2.3. Biochar vs. Ash 8 
2.4. issues IO 
2.5. & 12 
') Methods 12 J. 
3.1. Earthworm Cultures 12 
3.2. Ash Trials 13 
3.3. P AH Extractions 6 
3. PAH 17 
3.5. Jlvfetal l 8 
3.6. Stafistical 19 
4. Results 21 
.-f.l. Ash 21 
4.2. E. 22 
4.3. Loss 23 
4.4. PAH 26 
.-f.5. Elemen!ol and 27 
3 
5. Discussion 27 
5.1. E. fetida Mortality 27 
5.2. E fetida. Weight Loss 28 
5.3. PAH Quantification 30 
5.4. Potentially Toxic Elements 31 
5.5. Soil Management Implications 32 
6. Conclusions 33 
7. Acknowledgements 34 
8. Figures and Tables 35 
9. References 40 
10. Appendix A 46 
4 
LIST OF FIGURES AND T ABI.,ES 
l: of Soil between Treatments 34 
2: Loss 35 
3: Loss Between Treatments 35 
4: GC-MS results for 18 PAH +OTP standard 36 
5: GC-MS results for a earthworm extract 36 
6: GC-MS TIC UMM Corn Stover Ash 37 
7: GC-MS SlM UMM Corn Stover Ash: and OTP 
Table 1: Ash Metal Results from ICP-MS 38 
Table A : ANOV A Pairwise UMM Corn Stover Ash 45 
Table A2: ANOV A Pairwise Relative Rate - Trail Effect 45 
Table A3: ANOVA 46 
Relative Rate - Trai I x Rate Int. 




With energy, thermal conversion of biomass is 
a more heat and power the world as fossil 
fuel reserves continue to with heat and power, thermal of biomass to 
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an issue that the nature renewable energy. Since is not 
these solid residues should not be of as industrial waste. there 
should be a use as a or the waste should be ln order to understand 
and from thermal conversion the 
processes themselves first be understood. 
2.2 Thermal Conersion 
Gasification reactors are variable in reaction reaction 
and even the reactions take 
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involved reactionso During biomass is heated to ly 700°C in a 
where oxygen is almost 20 l These conditions allow thermal 
conversion reactions to take which formation of solid carbon-rich char, 
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temperature of the reactor will stay within the pyrolysis range. If the desired product is in a gas 
phase, further carbon conversion is required. In this latter case, following pyrolysis, the 
gasification step takes place in a low oxygen environment. In comparison to pyrolysis, oxygen 
flow is typically higher in order to partially oxidize hydrocarbons and to maintain higher 
temperatures exceeding 1200°C in some types ofreactors (Kwak et al. 2006). Oxygen content is 
typically described in terms of equivalence ratio (ER), or the ratio between oxygen content in the 
oxidant supply and that required for complete stoichiometric combustion (Arena 2012). During 
gasification, the solid char and tar products left after pyrolysis are thermally converted into light 
gases, leaving behind largely inorganic ash mixed with other non-combustible material which is 
typically removed as an industrial waste byproduct (Rasmussen 2011). Under these conditions, 
carbon and hydrogen gases continue to stay in their reduced forms, CO and H2, over their 
oxidized forms, C02 and H20. The oxidized forms of these gases are products of combustion 
while the reduced are products are gasification. The remaining mixture of light gases, referred to 
as syngas or producer gas, will exit the gasification reactor and is either combusted for heat 
and/or power, or used for manufacture of chemical products through Fischer-Tropsch synthesis. 
These two processes (pyrolysis and gasification) are at extreme ends of thermal 
conversion of biomass for manufacture of two different products. Low temperatures promote 
pyrolysis resulting in solid and liquid phase hydrocarbons, while higher temperatures promote 
gasification resulting in various low molecular weight gases and elemental ash. However, thermal 
conversion of biomass can occur at any intermediate temperature and as temperature changes, the 
physical and chemical properties of product(s) change as well. These properties will also vary 
depending on the characteristics of the reactor as well as operating parameters such as available 
oxygen, temperature, residence time, feedstock properties, and often steam and/or reaction 
catalyst introduction. Since products of this highly variable process have equally variable 
physical and chemical properties, an issue arises when the solid products of thermal 
decomposition are arbitrarily segregated into two groups: biochar and ash. 
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Many definitions exist for thermal conversion products including charcoal, biochar, ash, 
fly ash, soot, and smoke (Jones et al. 1997). However, all of these substances are products of the 
same or similar processes. For example, biochar is often referred to as "black carbon" (Lehmen et 
al. 2006), which is defined by Spokas' (2013. The Science Behind the Hype. Illinois Biochar 
Group Meeting [Conference].) as a "range of solid residual products resulting from the cnemical 
and/or thermal conversion of any carbon containing material". Under this definition, any of the 
aforementioned substances, including inorganic elemental ash, could be characterized as "black 
carbon". Clearly, there is a discrepancy in terminology and definitions of thermal conversion 
products, which is the primary argument made by Jones et al. (1997) when describing the 
physical and chemical properties of thermal conversion residues. 
2.2 Biochar vs. Ash 
Biochar and ash serve different purposes when amended to soils. Although there are 
many combinations of physical and chemical properties that exist between the two extremes of 
black carbon and grey inorganic ash, the research described herein refers to the latter, which is 
ideal for soil amendment. Biochar is widely recognized as a carbonaceous substance similar to 
charcoal. This substance is formed through thermal conversion of biomass, typically referred to 
as pyrolysis. The carbon content of biochar varies with the type of pyrolysis feedstock, the 
temperature of pyrolysis, and the completeness of pyrolysis (Jha et al. 2010). A review describes 
relatively high carbon content between 33% and 82% with a very low nitrogen content of 0.18% 
to 2.0%. Other elements present in relatively high abundance after pyrolysis are calcium, 
potassium, magnesium, and phosphorus. Biochar also has a slightly basic to highly basic pH, 
varying from 8.2 to 13 (Jha et al. 2010). Extensive research suggests that this product of biomass 
pyrolysis is an excellent amendment to poor quality soils, improving cation exchange capacity 
(CEC), alkalinity, and nutrient availability (Van Zweiten et al. 2009). Additionally, research in 
natural accumulation of black carbon soils in the Amazon over millennia suggests that biochar is 
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of of biomass 
energy is almost devoid of organic 
gas. Unlike biochar, this 
with some reactors 99.9% carbon conversion 
et al. Xuetal.l This conversion of carbon into energy 
results in alkali alkaline earth transition 
and other elements. concentrations of such as lime 
results in substances with Ash left from this process is 
which rise to In order for this process to be 
there be a sustainable method of waste or a situation in which the 
ash is used for another purpose. There is for use of coal ash and wood 
combustion ash as pH and soil 
et al. 1 
amendments due to their concentrations of lime 
and trace nutrients et al. Nahrstedt 2001). There has been 
little research with to ash formed via however, the similar and 
interest in use of 
biomass ash as a soil amendment. 
2.3 Issues 
both biochar and ash have that allow them to improve 
there is also some indication that there are effects associated with accumulation of 
toxic chemicals and elements. Formation of aromatic 
lS a concern associated with tars formed and many studies have revealed 
concentrations of PAHs in some et research 
that molecular PAHs tend to form more 
et al. 2001; Milne et al. l PAH of 
a known other 
studies that biochar can reduce PAH bioavai due to of PAHs 
to the biochar itself et al. 201 O; et al. 2011 ). One also that 
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the bioavailability of PAHs strongly depends on the temperature and residence time at which 
pyrolysis of identical feedstocks occurs (Scott 2013). In addition to organic pollutants, heavy 
metals can also be an issue. Biomass used for feedstock in either pyrolysis or gasification will 
inevitably contain low concentrations of trace metals. However, thermal decomposition of 
5iomass, especially at high temperatures typical of high efficiency renewable energy facilities, 
substantially reduces the mass of the feedstock resulting in concentrated metals in the remaining 
solid residues (Dimitriou et al. 2006; Omil et al. 2007). 
In order to determine the environmental impact of organic and metal pollutants in soils, a 
biological endpoint should be chosen. Earthworms have been used extensively as an indicator of 
soil health due to their influence on soil structure and chemistry as well as their ability to 
decompose and process organic matter (Rombke et al. 2005). Additionally, the United States 
Environmental Protection Agency (US EPA) has standardized testing for effects of potential 
toxicants on Eisenia fetida, a composting worm used widely in laboratory studies (US EPA 
1996). Although not common, there have been studies investigating the bioavailability and effects 
of PAHs on earthworms in soils amended with biochars (Gomez-Eyles et al. 2011; Leisch et al. 
2010; Tang et al. 2002; Van Zweiten et al. 2009). However, there is a gap in the literature with 
regard to amendment of largely elemental biomass gasification ash and its effects on earthworms 
when amended to soils. It has been hypothesized that this is a concern in environmental health 
when considering soil application of compositionally similar coal fly ash (Muir et al. 2007), but 
differences in feedstock, thermal decomposition process, and even operating parameters within 
the same process can yield ash, biochar, or any intermediate by-product with varying 
concentrations of PAHs or potentially toxic elements. 
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2.4 Goals & 
The purpose of this was to the effects of soil amended ash from dual 
combustion biomass facilities on earthworm ma scenario. The 
soil v,;as amended at ash ication rates that would 
scenanos order to simulate field With the and 
of are to: 
1. ash amended soil on earthworm assessing differences in 
between treatments and groups 
2. 
3. Determine of PAHs in ash amended soils PAH 
concentrations between treatments and control groups and differences in earthworm PAH 
burden between treatments and control groups 
4. Assess the total concentrations ly relevant metals in ash amended soils. 
After these and a and can be 
made the environmental of soil amendment of biomass gasification ash in soil 
3. METHODS 
3. Earthworm Cultures 
All earthworms used in this were from a · culture of the 
Earthworms were between three 20 
totes (12" x l 8" x filled with moistened 
!on covered 
moss for and fed twice each 
week with saturated alfalfa Food was mixed with a small amount of and 
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in a corner of the bin just under the surface. The corner in which food was placed was rotated 
each week to ensure that all individuals had equal access to food. Bedding was turned over once 
each week to avoid compaction and improve aeration. This turnover process caused earthworms 
to become agitated after which a large number of earthworms would travel to the surface. For this 
reason, bins were left open with constant light for 24 h following turnover to prevent earthworm 
escape from bins caused by agitation. Earthworms were monitored for two weeks prior to harvest 
for a preliminary exposure trial. 
3.2 Ash Exposure Trials 
Three ash samples were collected from biomass gasification reactors at two facilities. The 
first sample was collected from the Renewable Energy Center at Eastern Illinois University (EIU) 
where mixed hardwood biomass (e.g. ash, oak) was gasified at maximum temperature of2660-
26900F in a fixed bed updraft gasification reactor (Cunningham 2012; Siegel, personal 
communication, 2012). The second sample was collected from the University of Minnesota 
Morris (UMM) Biomass Gasification Facility where willow was gasified at roughly 1400°F in a 
coupled dual combustion horizontal step grate gasification reactor (Tallaksen, personal 
communication, 2012). The third sample was also collected from the UMM facility where corn 
stover was gasified at 1300-1500°F (Tallaksen, personal communication, 2012). The testing 
matrix for this experiment was an artificial soil consisting of 70% silica sand of particle size 
ranging from 177-210 µm, 20% powdered kaolinite, and 10% Sphagnum peat moss. Sand of this 
particular size was acquired by sieving local masonry sand through a US #60 sieve and collecting 
all sand remaining on the a subsequent US #80 sieve. Dry artificial soil was mixed manually until 
homogeneous. For exposure soils, a calculated mass of ash coinciding with each treatment was 
added to this mixture and manually mixed. Soil was then moistened by adding water equal to 
40% of dry artificial soil mass (including ash) in exposure treatments. 
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Prior to exposure, earthworms were allowed a 7 d acclimation period during which they 
were transferred from the culture bins to one of two 2 L glass containers filled with 
uncontaminated artificial soil. There were roughly 250 earthworms in each container during each 
acclimation period. Acclimation containers were covered with unsealed inverted canning jar lids 
to reduce soil moisture loss. A Conviron (Winnipeg, Manitoba, Canada) E8 germination chamber 
was used to keep acclimation containers in complete darkness at the test temperature of 25°C. An 
open pan of water was kept full in the germination chamber to maintain high relative humidity, 
which further reduced soil moisture loss. 
In order to more accurately simulate a field application rate, ash treatments were assigned 
units of tonnes of ash per hectare of soil (t ha-1), a typical application unit in agriculture. The term 
"application rate" is typically used to describe this unit of application in agriculture and will 
henceforth be referred to as such. Although this is an area application rate, it was converted to a 
3-dimentional unit by adding a 10 cm depth, which is roughly the depth at which typical 
agricultural machinery will incorporate ash into soils (J. Schoeneau, personal communication, 
2012). This large scale agricultural application rate was converted to a more manageable 
laboratory scale unit of g/kg during treatment mixing using the conversions below: 
_ 1 _ 1 (g cm-2 Conversion Factor)Uar Volume) 
App. Rate (g kg ) = App. Rate (t ha ) · (S ·z D h)(D S ·z M ] ) oi ept ry oi ass per ar 
_ 1 _ 1 (0.01 g cm-2 )(473 cm3 ) 
App. Rate (g kg ) = App. Rate (t ha ) · (lO cm)(0.2 kg) 
App. Rate (g kg- 1 ) = App. Rate (t ha-1 ) · 2.365 
Although lab scale units were used to accurately apply ash to artificial soils, treatments are 
referred in the remainder of this study using agricultural scale units in order to easily understand 
field implications of soil amended ash. Ash treatment concentrations used in this study, referred 
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to here as application rates, were 0 t ha-1, 5 t ha-1, 10 t ha-1, 25 t ha-1, and 100 t ha-1, which 
correspond to 0.0 g kg-1, 11.8 g kg-1, 23.7 g kg-1, 59.1 g kg-1, and 236.5 g kg- 1, respectively. The 
lowest treatment, 5 t ha-1, is at the high end of the typical experimental soil application rate of 
biomass gasification ash as a pH amendment, while application rates are much lower when used 
as a nutrient amendment (J. Schoeneau, personal communication, October 24, 2012). Higher 
concentrations were used to simulate inconsistent incorporation into soils as a result of imprecise 
large machinery. Similar application rates were used in studies involving application of coal fly 
ash (0 t ha-1, 5 t ha-1, 25 t ha-1 - Muir et al. 2007; 0 t ha-1, 5 t ha-1, 25 t ha-1 - Yunusa et al. 2009) 
and wood ash (0 t ha-1, 4.8 t ha-1 - Ludwig et al. 2002; 0 t ha-1, 3 t ha-1 - Norstrom et al. 2012; 0 t 
ha-1, 4.5 t ha-1 - Omil et al. 2007). Each application rate was tested for each of the three ash 
sources in triplicate samples for a total of 45 samples. Three trials were conducted in order to 
increase sample size and reduce variation within and between treatments. 
Following the 7 day acclimation period, earthworms were transferred to their respective 
test containers. Test containers used in this study were I pint glass canning jars. Sealable lids 
were inverted at all times to avoid adsorption of polycyclic aromatic hydrocarbons (PAHs) or 
other organic toxicants to the rubber seals on the bottom side of the lid. Lid inversion also 
allowed for atmospheric gas exchange in the artificial soils due to incomplete seal; however, lids 
were secured sufficiently to prevent earthworm escape. For each treatment, a total of 625 g of dry 
artificial soil was mixed in a large polyethylene container with ash corresponding to the 
respective treatment. The dry mixture was then hydrated with Thermoscientific (Waltham, MA) 
Barnstead Easy Pure II ultrapure filtered (0.2 µm) water equal to 40% mass of the dry mixture. 
Roughly 270 g of the moistened uncompact mixture was then added to each test container. Ten 
sexually mature adult earthworms with individual mass between 200 mg and 500 mg were 
randomly added to each test container. Sexual maturity was determined by presence of a clitellum 
or presence of dorsally visible seminal vesicles. The latter was often used to determine sexual 
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maturity since some clitellate adults have less distinct clitella. Randomization of the order in 
which earthworms were added was accomplished by assigning a random number to each 
container through use of a random number generator from Microsoft Excel (2010). For each 
container, total initial mass of all 10 worms was recorded along with the total mass of the entire 
container. 
Earthworms remained in the treatment containers for a total of 28 days. Number of live 
earthworms, total mass of earthworms, soil pH, and total mass of the test container were recorded 
weekly on days 0, 7, 14, 21, and 28. Earthworms found dead were removed from the container. 
Due to rapid decomposition of dead earthworms, any individual missing during data collection 
was assumed dead. Total mass of earthworms was measured after rinsing worms with EasyPure 
filtered water and gently blotting them dry with paper towels. Soil pH was measured from a 1 :4 
ratio of matrix to Easy Pure filtered water ratio using a Blue lab Portable Soil pH Meter accurate to 
0.1 pH units. Records of the masses of each test container were kept to monitor moisture loss in 
the test soils. Any Joss of mass each day was assumed to be a result of moisture Joss; loss of mass 
as a result of respiration was assumed to be negligible. Thus, in addition to an open pan of water 
in the germination chamber, soil moisture was maintained by daily addition of Easy Pure filtered 
water equal to loss of mass from the last day of analysis. This daily addition of water also 
promoted gas exchange due to daily lid removal. After analysis on the 281h day, remaining worms 
in each test container were transferred to a sealed polyethylene bag and frozen at roughly 20°C 
until further chemical analysis. 
3.3 PAH Extractions 
Solid-phase extractions were performed on artificial soil, ash, and contaminated worms 
for analysis using gas chromatography with flame ionization detector (GC-FID) as well as with 
mass spectrometry (GC-MS). Ash and soil samples were dried at 30°C for 72 hours before 
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extraction. Due to of soil or ash were used in 
these extractions. earthworm were flash frozen and 
with mortar and into a fine The first and second were used for 
PAH while the third was used for metal and thus All 
the GC included 50 µg which acted as an 
internal standard for PAH recovery. 
The solvent used in these extractions was a 1: 1 mixture of acetone and aliphatic hexane. 
For all a 6: I ratio of volume to extraction matrix mass was mixed 
and a Branson 1510 ultrasonic water at 40 kHz for 30 m 
covered reaction tubes. The in each was decanted into a second 
reaction tube with screw cap after which the same was 
extracted twice more the same method as the first extraction of the same 
was done to ensure the recovery of PAHs from the solid Due to 
flocculation of and other extracts were filtered with 0.45 µm 
PTFE filters, Filtered extracts were to clean reaction tubes after 
which to under with and 
moisture Residues extracts were in 1 mL of 
n-hexane for 
3.4 PAH 
Extracts were concentrated and gas and gas 
PAH 
6890 GC with a flame ionization detector 
electronic pressure control and lent 7673 
and was achieved using a 30 m DB-5 mm 0.25 µm film 
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capillary chromatographic column (J &W Scientific, Folsom, CA). The temperature program for 
analysis was as follows: 80°C for 1min,10°C min-1 to 150°C, 2°C min-1 to190°C, 3°C min-1 to 
235°C, and finally l0°C min-1 to 280°C held for 20 min. An Agilent 6890 Series II gas 
chromatograph with splitless injection, EPC, and a 5973 mass spectrometer (GC-MS) was used to 
confirm GC-FID identifications. All samples were analyzed by GC-MS using the selected ion 
monitoring (SIM) acquisition mode. Selected samples were also analyzed using full scan 
acquisition in a separate sample injection/analysis. Analyses of spectra obtained in the full scan 
mode (mass 50 -600) were performed by comparing the mass spectra with PAH standards 
(Sigma-Aldrich, St. Louis MO) as well as the NIST reference library. 
3. 5 Metal Analysis 
Approximately 500 mg of dry sample was used for ash digestion. The dried ash was 
added to precleaned Teflon vessels followed by 10 mL of trace metal-grade nitric acid (HN03) 
before digestion in a microwave (MARS Xpress; CEM Corporation, Matthews, NC) with heating 
steps at l 85°C over 15 min at 100% power, followed by 10 minutes at hold and a 5 minute cool 
down cycle. After digestion with HN03, samples were brought to a final volume of 7 .0 mL with 
Milli-Q (30 Qm) water. Trace element analysis was performed by inductively coupled plasma 
mass spectroscopy (Nexion 300X ICP-MS; Perkin Elmer, Norwalk, CT, USA) on diluted samples 
(0.2 mL 2 ppm Au in 3% UHP HN03; 10 mL vessels= 1.5 mL digested sample with 3.4 mL 
Milli-Q water and 0.1 mL 2 ppm Au in 3% UHP HN03). External calibration standards (High-
Purity Standards, Charleston, SC, USA) were used, covering a range of 0.5 to 500 ppb for As, Ba, 
Be, Cd, Cs, Cr, Cu, Ni, Pb, Sb, Se, Sr, Tl, V, and Zn. Certified reference material (LUTS-1 and 
Tort-2; National Research Council, Ottawa, ON, Canada) and blanks were included in the 
digestion and analysis procedure for quality control purposes. Mean percent recovery for 
elements in certified reference materials ranged between 59% and 126%. Data were not corrected 
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for percent recovery. Mean instrument detection limits among the different elements varied from 
0.2970 - 4.1944 ppb dry mass. All element concentrations were presented on a dry mass basis. 
3. 6 Mercury Analysis 
Subsamples of five dried and homogenized ash samples were analyzed for total mercury 
(T-Hg) content by thermal decomposition, catalytic conversion, amalgamation, and atomic 
absorption spectrophotometry (DMA 80; Milestone, Monroe, CT, USA) according to US EPA 
method 7473 (US EPA 2007). For quality assurance, blanks and two standard reference materials 
(SRM; TORT-2 lobster hepatopancreas and DOLT-4 dogfish liver, National Research Council of 
Canada, Ottawa, ON) were analyzed within the acceptable range of 90-110% to verify instrument 
calibration. A coal fly ash standard (NIST 1633b) was included and the mean recovery ofT-Hg 
was 85.74%. Method detection limits (MD Ls; threefold the standard deviation of procedural 
blanks) averaged 0.0005 ppm (0.503 ppb) dry mass. 
3. 7 Statistical Analyses 
All statistical analyses were performed using SAS 9.1. In order to investigate variation in 
earthworm mortality, a one-way analysis of variance (AN OVA) was modeled for each of the 
three ash treatments. Rather than using a single ANOV A with ash as a variable, splitting the 
analysis into three separate ANOV A was necessary, due to an imbalance in application rates 
between the three ash treatments. This was unlikely to be problematic since preliminary analyses 
suggested that the effect of ash type was minimal. The ANVOA models were used to assess 
differences in total mortality due to the effects of ash application rates, trials, and their interaction 
within each of the three ash types. Pairwise comparisons between each of the treatment levels 
were also made using the Bonferroni adjustment for multiple comparisons. 
To investigate non-lethal effects of ash treatments on the earthworms, weight loss was 
first analyzed temporally to assess differences between independent variables and between the 
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four time intervals. It is important to note that in all of the following analyses, the mass of each 
sample was reported as an average of the worms remaining in each sample. This approach 
corrected for variation in mortality between samples. For this analysis, a mixed model approach 
was used to generate the model that best fits the data. Temporal variation was accounted for by 
adding a repeated statement using Sample ID as the subject. Covariance strucfure was selected by 
comparing Akaike Information Criteria (AIC) among five covariance structures. Covariance 
structures compared were variance components, compound symmetry, autoregressive(!), 
Toeplitz, and unstructured. Variables explaining little variation in the model were removed to 
improve simplicity of the model. The AIC scores and effects of independent variables in the 
model were reevaluated after the removal of each variable to ensure that removal of variables did 
not cause relevant changes in the explained variation of other variables in model. All main effects 
were kept in the model regardless of their explained variation in the model. 
The mixed model analysis of temporal weight loss was then followed by two analyses 
used to identify effects on total weight loss from day 0 to day 28. A simple ANOVA would have 
been ideal for this analysis. However, the analysis had to be altered to avoid non-estimable effects 
caused by imbalanced treatments in the experimental design. The first approach was exactly the 
same as the analysis used for estimating the effects of trial and application rate on mortality. The 
data were sorted by ash and a separate ANOV A for each ash type was used to investigate the 
effects of trial and application rate on total earthworm weight loss over the duration of 
experiment. Although the effect of ash is taken out of the model, the model is made simpler and 
the imbalanced effect issue is resolved. The difference between this analysis and the mortality 
analysis is the addition of initial mass as a variable, since weight loss is certain to be highly 
correlated with initial weight. Interactions that explained little variation were removed from the 
model while all main effects and relevant interactions remained in the model. 
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The second approach taken to investigate the effects of independent variables on total 
weight loss was to artificially balance the model by removing application rate treatments from the 
ash types that had more than three application rates. The result was not a quantitative comparison, 
but a series of qualitative application rates named high, medium, and low. The result of this 
analysis is loss of data, but this technique alloweo for inclusion of ash as a main effect and it 
resolved the issue of model imbalance. The final model was then run as a general linear model 
(GLM) followed by pairwise comparisons of independent variables with the Bonferroni 
adjustment for multiple comparisons. 
4.RESULTS 
4.1 AshpH 
Due to potential use of the ash as a basic pH amendment to soils, resulting pH was a 
crucial factor in survival of worms in each treatment. Preliminary testing revealed that the highest 
concentrations in which at least one earthworm survived in EIU hardwood ash, UMM corn stover 
ash, and UMM hardwood ash were 10 t ha-1, 25 t ha-1, and 100 t ha-1, respectively. Earthworms in 
soils associated with ash application rates higher than these corresponding values experienced 
intense wriggling followed by dermal lesions and death of all specimens within minutes to hours. 
Soil pH at these maximum application rates were all found to be between 8.8 (UMM corn stover) 
and 9.7 (EIU hardwood). The highest application rate tested was 100 t ha-1, so the UMM 
hardwood ash never reached a pH that caused immediate and total mortality. However, in UMM 
hardwood ash treatments at 100 t ha-1, there was relatively high mortality observed in the first 
week of the first trial. A comparison of soil pH at all application rates for each ash can be seen in 
Figure 1. 
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4.2 E.fetida Mortality 
Immediate and total mortality was observed in preliminary tests of EIU hardwood ash 
application rates exceeding 10 t ha-1, which relates to pH above 9.7. Aside from immediate death 
at application rates resulting in fatal pH, there was no relevant mortality in any of the EIU 
hardwood samples (F8,18 = 0.88, p = 0.55, R2 = 0.28). The individual effects of trial, application 
rate, and their interaction on mortality were also irrelevant (Trial: F2,18 = 0.5, p = 0.61; 
Application Rate: F2,18 = 0.5, p = 0.61; Interaction: F4,18 = 1.25, p = 0.33). 
The same results were found for UMM com stover ash. Preliminary application rates of 
50 t ha-1 caused immediate and total mortality while samples with application rate of 25 t ha-1 (pH 
8.8) or less experienced no relevant mortality (F11 ,24 = 0.73, p = 0.70, R2 = 0.25). Individual 
effects of trial, application rate, and their interaction also had no relevant effect on total death 
(Trial: F2,18 = 0.25, p = 0.78; Application Rate: F3,i 8 = 0.67, p = 0.58; Interaction: F6,1 8 = 0.92, p = 
0.50). 
Preliminary tests for UMM hardwood ash revealed that there was survival at all 
application rates tested. However, the pH of the highest application rate in UMM hardwood ash 
(100 t ha- 1, pH 9.7) was the same as the highest application rates used in the EIU hardwood ash 
( 10 t ha-1, pH 9. 7). This suggests that, assuming pH is the main factor affecting mortality, any 
application rates of this ash higher than 100 t ha-1 would result in immediate and total mortality, 
as seen in the other ash types. The results of this analysis revealed large differences in mortality 
between treatments (F14 ,3o = 2.37, p = 0.023, R2 = 0.52). There were no notable effects of trial or 
application rate, but the interaction of the two suggest a fairly large effect on mortality (Trial: 
F2,3o = 0.89, p = 0.42; Application Rate: F4,30 = 1.61, p = 0.19; Interaction: F 8,30 = 3 .11, p = 0.011 ). 
However, pairwise comparisons of least square means revealed that there were no relevant 
differences between any two treatments. 
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4. 3 E. fetida Weight Loss 
The effect of ash type was found to be negligible in the mixed model approach, so all 
interactions involving the ash variable were removed from the model. The main effect of ash 
remained in the model regardless of its effect on weight loss. The mixed model analysis revealed 
unstructured covariance along with the effects of trial, ash, application rate, and the interaction of 
trial and application rate to be the model of best fit (AIC = 4396.5, x 2<14, n~JOS) = 983 .92, p = 2.18 · 
10-201 ). There was no individual effect of ash (F2,91 = 0.12, p = 0.88) and the individual effect of 
application rate was small, but potentially influential. (F4,91 = 2.35, p = 0.060). This effect 
becomes slightly larger with use of Toeplitz, variance components, or compound symmetry 
covariance structures. The individual effect of trial (F2,91 = 23 .1, p = 7. 7 · 10-9) as well as the 
interaction of trial and treatment (F8,91 = 2.65, p = 0.012) both had large effects on weight loss 
between each time block. Of the five covariance structures, only the autoregressive(!) suggested 
use of a different model in which application rate and the interaction of trial and application rate 
had no effect on weight loss. The mixed model using autoregressive(!) covariance structure 
suggested that trial was the only relevant effect in the model, while use of all other covariance 
structures found trial, application rate, and their interaction to be relevant. A clear trend in weight 
loss over time is observed in Figure 2. 
The following is with regard to the three separate ANOV A, sorted by ash type, in which 
the effects of trial, application rate, and initial mass were tested for differences in total weight loss 
from day 0 to day 28. For the analysis of samples amended with EIU hardwood ash, the final 
model included only the three main effects and the interaction of trial and treatment. Other 
interactions were found to have no effect on weight loss and thus removed from the model. The 
model revealed notable weight loss in the earthworms (F9,17 = 6.05, p = 0.00075, R2 = 0.76). Type 
III sums of squares suggest that there was no effect of trial, treatment, or their interaction (Trial: 
F2 17 = 0.94, p = 0.41; Application Rate: F2,17 = 0.25, p = 0.78; Interaction: F4,17 = 2.17, p = 0.12). 
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There were, however, large differences in initial masses between the samples (F1,17 = 6.18, p = 
0.024). 
The ANOV A for UMM corn stover ash revealed different results, relative to the EIU 
hardwood analysis. The final model included the same variables as the previous EIU hardwood 
model: trial, treatment, their interaction, and initial mass. The model revealed notable weight loss 
in the earthworms (F12,23 = 9.89, p = 1.9 · 10-6, R2 = 0.84). There was no effect of trial on total 
weight loss, but there were notable effects of application rate, the interaction of the two, and 
initial mass (Trial: F2,23 = 1.42, p = 0.26; Application Rate: F 3,23 = 4.75, p = 0.010; Interaction: 
F6,23 = 4.02, p = 0.0067; Initial Mass: F1,23 = 12.09, p = 0.002). Through pairwise comparisons of 
least square means, it was apparent that the observed effect is a result the high weight loss 
observed in the lowest non-control application rate of 5 t ha-1. The highest application rate of 25 t 
ha-1 was also somewhat higher than the control and the 10 t ha-1 treatment, but there were no 
differences between the 25 t ha-1 treatment and the other application rates. Specifically, the 
pairwise comparisons of least square means for the interaction of trial and treatment revealed that 
the difference lays entirely within the 5 t ha-1 treatment in trial I. This application rate in the first 
trial was found to experience higher weight loss than 10 t ha-1 in trial I, 0 t ha-1 control in trial 2, 
25 t ha-1 in trial 2, and 0 t ha-1 control in trial 3. No other pairwise comparisons were notably 
different. A table of least square means for pairwise differences in this analysis can be seen in 
Table Al (Appendix A). 
The final ANO VA tested the effects of trial, treatment, the interaction of the two, and 
initial mass on total weight loss in UMM hardwood ash. A large amount of weight loss was also 
observed in this ash treatment (F 15,29 = 8.37, p = 6.78 · I 0-7, R2 = 0.81 ). Trial, treatment, and their 
interaction were all found to have no effect on weight loss. However, the effect of treatment on 
weight loss was potentially relevant (Trial: F2.29 = 1.59, p = 0.22; Application Rate: F 4,29 = 2.64, p 
= 0.054; Interaction: F8,29 = 1.78, p = 0.12; Initial Mass: F1,29 = 9.96, p = 0.0037). As with the 
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other ash types, initial mass was notably different among all samples in this ash type. Pairwise 
comparisons of least square means reveal that the relatively small effect on weight loss between 
application rates lies entirely within the difference between the 10 t ha-1 and 100 t ha-1 treatments. 
The difference in total weight loss between these two application rates (p=0.0810) was even 
smaller than observed in the main effect. All other pairwise comparisons were suggest no 
differences in weight loss between any two treatments aside from the aforementioned pair. 
The following describes the results of the ANOVA in which the model was artificially 
balanced by qualitatively comparing high, medium, and low ash application rates. This model 
included individual main effects of trial, relative application rate, ash, and initial mass. All two-
way interactions not involving initial mass as well as the three-way interaction of all main effects, 
excluding initial mass, were also included in the model. Interactions with initial mass were 
removed from the model due to their lack of effect on weight loss. This model suggests a large 
amount of weight loss throughout the duration of the study (F27,53 = 10.79, p = 2.0 · 10-13 , R2 = 
0.85). In this model, there were large individual effects of qualitative treatment and initial mass 
while the effect of trial was small, but worth noting; the effect of ash type was not relevant in this 
model (Trial: F2,52 = 3.3, p = 0.045; Relative Application Rate: F2, 53 = 6.05, p = 0.0043; Ash 
Type: F2,53 = 1.29, p = 0.28; Initial Mass: F 1,53 = 28.63, p = 2.0 · 10-6). Pairwise comparisons of 
least square means revealed that the observed differences in total weight loss between qualitative 
application rates lies within differences between the high, which experienced the most weight 
loss, and the medium application rates, which experienced the least. The low application rate 
experienced total weight Joss between the two groups and was not notably different from either. 
Small differences in the trial effect was determined to exist only between trials 1 and 3, while 
there were no differences between trial 2 and the others. Differences in total weight loss were also 
affected by initial mass of the earthworms. The only relevant two-way interaction in the model 
was that of trial and qualitative treatment (Trial· Relative Application Rate: f4,s3 = 3.8, p = 
25 
Trial· Ash: = l p = 0.13; Relative Rate· Ash = 2.11, p = 
Differences in 
Trial Trial l 
Medium and Trial Trial 
this interaction were 
Trial 2-Lmv and Trial 
and Trial 3-Medium. The 
and 
Trial 2-
interactions remained in the model because the three-way interaction was found to be highly 
relevant =3 p= The differences observed in the 
interaction are almost to loss in the 
treatment of UMM hardwood ash in trial 1 in to the rest. There are a few other 
small differences in loss between as well that should be noted. Tables of 
can be seen in Tables A2-A4 
in this final statistical 
observations of that there are no loss and 
ication rate or ash for the within tolerable 
4.4 PAH 
After GC-MS from soi I, and earthworm to that 
of the it was determined that there were no detectable PAHs in any of the 
or earthworm revealed no detectable PAHs in 
any of the soil, or earthworm as seen m 4. Most detectable 
earthworm were determined to be various sternls 5). Due to unusual 
for ash on this GC-MS were not available. 
on another GC-MS were included 6; Device: Shimadzu GCMS-
SE; Column: Shimadzu SH 30 m length, i.d. = 0.25 mm, film thickness 0.25 
there were no detectable PAHs in any of the ash from the main it \vas 
determined from the 1mmary that there was detectable The 
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internal standard, OTP, was detected with a single defined peak in all ash, soil, and earthworm 
samples, suggesting sufficiently high recovery of OTP as well as the PAHs of interest. 
4.5 Elemental and T-Hg Analyses 
The results for concentrations of metals and major elements in each ash sample can be 
seen in Table I. Major elemental components of ash samples include Ca, K, Mg, Na, S, P, Al, and 
Fe. Heavy metals of toxicological concern were at or below concentrations expected of elemental 
ash (Seaman, personal communication, 2013). 
5. DISCUSSION 
5. I E. fetida Mortality 
All data collected over the duration of this experiment suggest that there were no relevant 
differences in mortality over time between application rates, aside from samples in which all 
specimens died within the first day along with a single treatment that will be addressed later. As 
stated previously, each of the highest application rates used for the three ash types correspond to a 
pH of 8.8-9.7. Preliminary tests revealed that earthworms in soil with initial pH above this 
threshold experienced severe alkaline burns causing rapid formation of skin lesions and total 
mortality within the first day. Thus, application rates of ash types corresponding to pH above this 
threshold were fatal to earthworms. With respect to UMM corn stover ash, the lowest tested 
application rate of material that exceeded the pH threshold was 50 t ha-1, while the highest tested 
application rate of material that did not exceed the pH threshold was 25 t ha-1• It is likely that 
there exists an intermediate application rate associated with pH closer to the upper limit of the 
threshold that is tolerable to the earthworms. This phenomenon was observed in a similar study 
in which E. fetida were exposed to neutral soil was amended with two types of carbon-rich 
biochars, one a slightly acidic pine chip char and the other a highly alkaline poultry litter char. In 
this study, earthworms in the slightly acidic biochar amended soil, of nearly neutral pH, 
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experienced no increase in mortality while earthworms in the highly alkaline biochar amended 
soil, measuring pH 10.27, experienced much higher mortality at the surface of the soil (Liesch et 
al.2010). 
The exception to this conclusion is the notably higher mortality rate at the highest 
application rate of hardwood ash from University of Minnesota Morris during the first trial. Two 
of the three corresponding replicates experienced a single death while the third experienced four. 
All deaths in this treatment occurred within the first 7 days, suggesting that the individuals that 
died could not withstand the extreme conditions of the soil. It should also be noted that 
earthworms in the first trial were added to soil treatments after only a few hours after artificial 
soil was mixed while earthworms in the second and third trials were not added until after 48 
hours. Death in this trial also corresponds with the explanation of a pH threshold. This difference 
in time between mixing soil and adding worms could account for the higher observed mortalities 
in the first trial due to inadequate time for the amended soil to reach equilibrium pH. If soils in 
this treatment had not reached equilibrium pH, the moisture in the added earthworms would 
rapidly react with alkaline salts, causing the pH to be temporarily and locally higher at the surface 
of earthworm dermis. This phenomenon, along with lack of relevant differences in mortality 
beneath this pH threshold, suggests that field application of dual combustion biomass gasification 
ash will not negatively impact survival of earthworms unless applied at rates that would increase 
the soil pH above the threshold of 9.5-9.7. It is possible that a time-to-death effect would have 
been more apparent if the exposure period were longer than four weeks. However, this effect 
would likely be due to extreme weight loss and thus strongly correlated with the results of the 
weight loss analysis. A study monitoring the reproductive capacity of E. fetida found that 
mortality increased substantially in individuals that had lost over 40% of their body weight 
(Satchell and Dottie 1984), which provides evidence for this hypothesis. 
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5.2 E. fetida Weight Loss 
The quantitative analysis determined ash type and any interaction involving ash type to 
have no effect on earthworm weight loss. Lack of effect in the interaction of ash type and 
treatment is of particular interest since it accounts for differences in pH. Thus, the physical 
properties, including pH, had no effect on weight loss experienced by the earthworms. The 
qualitative analysis, in which the model was balanced by removing two of the intermediate 
application rates from the UMM hardwood and one from the UMM com stover, differed from the 
quantitative analysis in that the three way interaction of trial, application rate, and ash was more 
relevant. Comparison of least square means revealed that almost all pairwise comparisons in 
which differences in weight loss were observed involve the first trial of UMM-High (100 t ha-1), 
which was the only treatment to experience a large increase in mortality over the exposure period. 
There were two other pairwise comparisons with notable observed difference in weight loss and 
both of these pairs involve the medium application rate of UMM hardwood ash, in which 
experienced relatively low weight loss. However, the two treatments found to experience higher 
weight loss were a control group and the highest application rate ofUMM com stover in trial 
three. Although the pairs were found to have large differences in weight loss, there is no apparent 
relationship between these three treatments and thus the pairs lack biological significance. 
Although the experiment was executed three times, there were notable differences in 
weight loss between the three trials. This is most definitely a result of differences in initial masses 
between the three trials. The initial protocol required earthworms with individual mass between 
200 mg and 500 mg. However, since all earthworms came from a single culture, the larger worms 
were overharvested early on, leaving slightly smaller individuals for each subsequent trials. Since 
larger individuals have larger initial mass and higher lipid content, it is sensible that, relative to 
smaller individuals, they would lose more mass by the end of the study. With initial mass 
included in the model, all variation in weight loss caused by differences in initial mass was 
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accounted for and therefore did not cause any issues regarding initial mass as a covariate to 
weight loss. 
E.fetida in all samples, including control groups, experienced between 13.5% and 58.0% 
weight loss from day 0 to day 28 with an average of35.3% and standard deviation of 6.2%. 
However, it is important to note that organisms were not fed during the 7-10 day acclimation 
period nor were they fed during the 28 day exposure period. This trend has been reported in 
several similar studies, one involving two species of earthworms exposed to soil amended with 
coal fly ash (Muir et al. 2007) and two involving E. fetida exposed to soil amended with biochar 
(Gomez-Eyles et al. 2011, Leisch et al. 2010). In contrast, in a study investigating soil mercury 
uptake by E. fetida, test organisms were fed regularly and were found to gain weight (Burton et 
al. 2006). Since the control groups also experienced weight loss that was not notably different 
than the other treatments, it is likely that weight loss is a result of starvation. 
5. 3 P AH Quantification 
Although it has been concluded that amendment of ash from gasification of biomass does 
not have any acute effect on E. fetida, it is important to consider chronic effects of toxicants 
populations and ecosystems. This exposure was not long enough to observe chronic effects in E. 
fetida, but the environmental persistence of PAHs and heavy metals allow them to be rapidly 
biomagnified in predators of these earthworms. Concentrations of PAHs from ash, soil, and 
earthworm samples were below the detection limit of the analytical instruments used in this 
study. Naphthalene was detected in preliminary analysis of ash extract, but not in any of the main 
analysis samples. It is unlikely that there was contamination, since no other PAH was detected. It 
is possible that naphthalene sublimated from samples in the main analysis due to longer sample 
storage times. However, the presence of low concentrations of naphthalene is uni ikely to affect 
soils, earthworms, or ecosystems since it is relatively volatile. Since it was concluded that this 
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relatively low concentration of naphthalene is negligible, it was not specifically quantified. 
Regardless of the possible presence of naphthalene in these ash samples, if other PAHs exist at 
concentrations below the detection limit of these instruments, it is plausible that trophic 
biomagnification will occur as predators accumulate PAHs from the potentially contaminated 
earthworms. However, a study investigating trophic biomagnification of several organic 
contaminants in two types of marine food chains suggests that P AHs at low concentrations 
experience trophic dilution due to rapid elimination of contaminants in organisms with higher 
metabolism (Nfon et al. 2008). This scenario would depend on the bioavailable PAH content of 
the soil, the bioaccumulation rate of P AHs in the earthworms, and the bioaccumulation rate of 
PAHS in predators of contaminated earthworms. 
5.4 Potentially Toxic Elements 
It was apparent that regardless of concentration, there were no observed effects of T-Hg 
on E.fetida in this study. One study revealed that T-Hg concentration as high as 11.5 mg/kg, 
almost 2 orders of magnitude higher than the highest recorded ash in this study, did not have any 
notable effects on growth rate or survival rate (Burton et al. 2006). Regulatory limits for soil 
application of hazardous wastes containing elemental contaminants vary between states. 
However, all three ash samples analyzed in this study contained concentrations of select metals 
far below the ceiling concentrations in found in federal regulation of soil application of sewage 
sludge (US CFR 40-503.13). Additionally, the EIU hardwood ash has already been approved by 
the EPA for agricultural land application of 300 tonnes of ash sludge per year, at application rates 
necessary for soil pH adjustment (IEPA 2012). However, the following elements were found to 
be notably higher in the EIU hardwood ash than in either UMM ash: B, Mn, Sr, Ba (Table 1). It is 
unclear whether this observed difference in ash composition is a result of differences in the 
gasification process or in feedstock, although the latter is more likely. 
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5.5 
With no detectable PAH in any of the three ash and metals below 
limits in all it can that these ash are sate for amendment to 
SOI within limitations. The results of this with those a similar !l1 
which earthworms were to coal ash amended where it was concluded that coal 




make them useful in neutralizing 
of these ash that 
the nature 
utilize endothermic reactions under high 
material into gaseous materials. 
soils. It seems, based on the 
resemble 
1991; Nkana et aL 
combustion 
This is not 
111 to combustion. Both 
to convert solid 
In combustion residues often have more uncombusted 
due to lower carbon conversion m concentrations 
. These residues are in which PAHs are unconverted char and 
PAH content a more issue in combustion residues than in 
However, the two processes should not be 
methods used for thermal conversion of biomass. Even a 




occur in the presence of I ittle to no oxygen, reduced fom1 gases, while combustion 
occurs in the presence of or stoichiometric of oxygen 201 
Varying presence of oxygen, with other parameters, wi II varying carbon 
conversion efficiencies and thus varying PAHs left in solid residues. in contrast, 
efficiencies of thermal carbon conversion lead to more concentrated 
toxic elements. as carbon conversion ly toxic 
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elements concentrate in while PAHs and other are 
conveiied to syngas. 
In this case, PAHs were not detected in the ash and even at extreme process 
do not contain at concentrations to 
an However, when or 
residues for land each should be for PAHs and 
elements any time feedstock or operation parameters are altered or 
Even hardwood ash from ElU's renewable energy center at 
different times show 
toxic elements 
different concentrations of 
1 ). All concentrations in both 
elements as well as 
are below 
limits for land but this may be a concern when with biomass 
feedstocks with concentrations of these elements. 
6. CONCLUSION 
In the resu Its of th is failed to the null of all 
There was no increase in mortal or loss caused amendment of any of these three 
aside from rates above roughly 10 pH units. there 
were no detectable PAHs in any of the or earthworm extracts and toxic 
elements were at concentrations below limits for amendment to soils. due to 
variation in chemical and of all thermal conversion further research 
to residues 
concentrations of or elemental toxicants. Without information the 
two, each thermal conversion residue should be considered exclusive and studied 
from residues in the literature. 
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Soil lS variable between different of soils. studies 
this on and soils would be valuable 
lll the environmental of soil Given the 
similarities between these ash and wood it is that 
for 
of combustion residues 
amendment of biomass 
similar feedstocks could be referenced in decisions 
residues. until researchers are able to 
or that lead to 
of or elemental it is recommended to repeat this research 
thermal conversion residues intended for soil amendment all 
as 
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Figure 1-Average soil pH at various ash application rates for each ash sample. 
Soil pH measurements were excluded for treatments that were removed from the study after the 
first trial due to pH induced mortality (EIU W - 25, UMM W - 100, UMM CS - 100), referred to 
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Figure 3 - Comparison of average weight loss, per worm, between each of the relative 
application rates and each of the ash types. 
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5 - GC-MS TIC results for a single earthworm extract sample. 
This sample represents all earthworm extract samples, since there were no noticeable differences 
between any of the treatments or samples. 
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6-GC-MS TIC 
It should be noted that 
:results for the UMJVI corn stover ash extract. 
caused attenuation 
OTP 
7-GC-MS SIM results of 128 m z- 1 (Naphthalene) and 
230 m ions. 
All other PAHs were undetectable in SIM and TIC. 
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Table l - metal analysis from ICP-MS, except total mercury (T-Hg) that was 
atomic spectrophotometry. All Units are in ppm. 
DL: Method Detection Limit 
bEIU W New is a more recent sam of ash taken from the same reactor as that used in the 
study. The sample was taken toward the end of the exposure trials to examine the consistency 
of a single reactor. The sample was not used in any other analysis. 
Sample As B Ba Be Cd Cr Cu T-Hg 
MDL" 0.35 4.04 0.42 0.34 0.35 0.34 0.49 0.0005 
EIU W 1.06 330.46 2640.83 0.69 12.99 9.86 85.74 0.0013 
UMMW 1.90 26.93 100.98 <MDL <MDL 16.98 44.10 0.0292 
UMMCS 1.32 29.33 93.93 <MDL <MDL 7.48 28.68 0.0019 
EIUW 
Newb 0.68 316.24 3086.92 0.83 5.19 10.78 59.87 0.0008 
Soil Blank 1.35 <MDL 18.71 <MDL <MDL 4.85 4.05 0.0015 
Sample Mg Mn Ni Pb I Sb Se Sr Ti 
MDL 1.85 0.28 1.74 o.31 I 1.62 0.40 0.43 0.34 
EIUW 15855.92 3772.JO 82.00 24.21 <MDL 1.43 1200.79 <MDL 
UMMW NA 740.30 14.83 0.95 <MDL <MDL 97.99 <MDL 
UMMCS 6895.40 271.89 8.27 1.42 <MDL 0.49 62.77 <MDL 
EIU WNew 18413.39 4422.54 82.39 10.57 <MDL 0.88 1561.30 <MDL 
Soil Blank 6182.95 126.39 2.67 14.03 <MDL 0.63 24.30 <MDL 
Sample u v Zn 
MDL 0.31 0.27 1.84 
EIUW <MDL 4.63 177.36 
UMMW 0.56 6.93 28.12 
UMMCS <MDL 9.91 113.27 
EIU WNew 0.35 5.36 39.69 
Soil Blank 0.97 4.01 17.29 
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10. APPENDIX A 
Table Al - Pairwise comparisons of LSMeans for the ANOV A in weight loss among 
samples treated with UMM corn stover ash. 
In the Ho column, the letter a represents samples experiencing significantly higher weight loss 
than those assigned the letter b. Samples assigned a,b experienced weight loss that is not 
· significantly different from all other samples. 
Application Wt. Loss 
Trial Rate (t ha-1) LS Mean Std. Err. H0: a=b 
1 0 85.64 6.23 a,b 
1 5 113.50 6.49 a 
1 10 69.88 5.95 b 
1 25 85.39 7.40 a,b 
2 0 76.36 5.83 b 
2 5 87.45 5.76 a,b 
2 IO 84.64 5.77 a,b 
2 25 76.34 5.76 b 
3 0 70.28 6.55 b 
3 5 79.46 6.07 a,b 
3 10 77.44 6.15 a,b 
3 25 94.35 5.96 a,b 
Table A2 - Pairwise comparisons of LSMeans for weight loss between trials in the final 
relative application rate ANOV A . 
In the H0 column, the letter a represents samples experiencing significantly higher weight loss 
than those assigned the letter b. Samples assigned a,b experienced weight loss that is not 
significantly different from all other samples. 
Wt. Loss 
Trial LS Mean Std. Err. HO: a=b 
1 81.27 2.21 a 
2 75.82 1.82 a,b 
3 71.96 2.28 b 
46 
Table A3 -·Pairwise 
rnte in the final relative 
In the 
of LSMeans for 
rate ANOVA. 
loss between relative 
common letters with another did not 
ioss. Samples with no common letters did experience sign 
Relative 
Application Wt Loss 
Trial Rate LSMean Std. Err. a=b=c 
H 86.52 3.6 l c 
L 86.34 3.83 b,c 
M 70.95 3.14 a,b,c 
2 H 78.51 3.16 
2 L 69.81 3.14 
2 M 79.14 3.14 
3 H 78.78 3.40 
,.., L 71. l 7 3.39 .J 
3 M 65.94 3.51 a 
47 
Table A4 - Pairwise of LS.Means for loss between relative 
rnte and ash in the final relative rate ANOV A . 
In the any sample having common letters with another sample did not 
significantly different weight loss. Samples with no common letters did experience significantly 
different loss. 
Relative 
Application Wt. Loss 
Trial Rate Ash Tyoe LSMean Std. Err. H0 : a=b 
1 H E!U W 72.22 5.49 a,b,c,d,e 
l H UMMCS 84.10 6.34 a,b,c,d,e 
l H UMMW 103.23 6.13 a 
l M EIUW 86.28 5.64 a,b,c,d,e 
l M UMMCS 68.14 5.48 b,c,d,e 
l M UMMW 58.43 5.60 c,e 
] L ElU W 82.IO 6.19 a,b,c,d,e 
l L UMMCS 84. l 8 5.73 a,b,c,d,e 
1 L UMMW 92.73 5.72 a,b 
2 H ElU W 87.34 5.44 a,b,c,d,e 
2 H UMMCS 74.74 5.46 a,b,c,d,e 
2 H UMMW 73.46 5.46 a,b,c,d,e 
2 M EIU W 76.70 5.45 a,b,c,d,e 
2 M UMMCS 83.05 5.47 a,b,c,d,e 
2 M UMMW 77.68 5.44 a,b,c,d,e 
2 L EIU W 62.12 5.44 b,c,d,e 
2 L UMMCS 74.66 5.44 a,b,c,d,e 
2 L UMMW 72.65 5.44 a,b,c,d,e 
3 H EIUW 68.66 5.57 a,b,c,d,e 
3 H UMMCS 92.60 5.48 a,b,d 
3 H UMMW 75.08 5.79 a,b,c,d,e 
3 M ElUW 59.69 5.76 c,e 
,, M UMMCS 75.66 5.54 a,b,c,d,e .) 
3 M UMMW 62.48 5.71 b,c,d,e 
3 L EJU W 73.26 5.55 a,b,c,d,e 
3 L UMMCS 68.42 5.69 a,b,c,d,e 
3 L UMMW 71.8 l 5.54 a,b,c,d,e 
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